It has been argued that gene-by-environment interactions (G × E) research is unlikely to progress knowledge about psychiatric disorders, in contrast to genome-wide association (GWA) studies. However, G × E approaches are not alternatives for gene-hunting but a way to identify genetic and biological mechanisms within subgroups of patients exposed to a similar aetiological (environmental) factor via a process of 'aetiological stratification'. This is important as diagnostic categories targeted by GWA studies are inherently heterogeneous and lack biological validity. Aetiological stratification builds on examining possible phenotypic and/or molecular specificity associated with exposure to the environmental factor across multiple potentially relevant disorders, combined with efforts to identify an underlying biological substrate. G × E hypotheses within this framework investigate (1) which genes influence the degree to which individuals develop identified biological alterations that link environmental exposure to specific phenotypic and/or molecular characteristics within or across psychiatric disorders and (2) which genes are implicated in determining the development of psychopathology once this biological alteration has been brought about. As gene-hunting is not a goal in itself, the examination of pathway and/or polygenic risk scores may be more informative than the examination of individual markers, at the same time reducing multiple testing and the associated risk of spurious findings.
Introduction
For many years, it has proven extremely difficult to identify genes for psychiatric disorders (Sullivan, 2008) . Trading the candidate gene approach for methods that systematically interrogate the human genome, in combination with stringent control for multiple testing and replication in independent cohorts, has now resulted in the first replicable findings in the field of psychiatric genetics (Sullivan et al. 2012) .
In contrast, the field of gene-environment interaction (G × E) research has yet to produce its first unambiguously replicated finding. Although there are a number of promising findings (for review see (Caspi et al. 2010; Modinos et al. 2013; van Winkel et al. 2013; van Winkel & Kuepper, 2014) ), recent work has also demonstrated considerable methodological issues. First and foremost, there is evidence for widespread publication bias in the G × E literature (Duncan & Keller, 2011) . Second, while at first glance several findings have been replicated, many of these replications used different outcome variables and study designs, and very few studies have tried to conduct an exact replication study. Most of the exact replication studies produced negative results (Duncan & Keller, 2011; van Winkel & Kuepper, 2014) .
Some investigators have therefore argued that G × E research is unlikely to progress knowledge about psychiatric disorders (Zammit et al. 2010) . Arguments put forward are that approaches studying main effects of genes (such as genome-wide association (GWA) studies) are not plagued by difficulties to accurately measure environmental exposures, have considerably more statistical power and will require less control for multiple testing given the considerable number of possibly relevant environmental factors in G × E research. A reconsideration of the place of G × E research in a timeframe where genome-wide approaches have become the mainstay of psychiatric genetics is thus needed. In this editorial, I will argue that G × E approaches are not alternatives for GWA studies in the hunt for genes but should be regarded as a method to identify genetic and biological mechanisms within subgroups of patients characterised by similar aetiological exposures, and that applying this line of reasoning facilitates many of the most important choices in this field of investigation.
The 'reification' of Diagnostic and statistical manual of mental disorders (DSM): the one disease principle, applied to schizophrenia An important issue is that GWAS treats disorders as uniform diseases, as things that exist in real life ('reïfication') rather than a constellation of commonly co-occurring symptoms without a known biological basis. Many findings argue for substantial phenotypic and aetiological heterogeneity in psychiatric disorders, much of the evidence for aetiological heterogeneity coming exactly from GWA studies. For example, GWA studies have found considerable genetic overlap between schizophrenia and bipolar disorder, depression and weaker but significant overlap with autism spectrum disorders and attention deficit hyperactivity disorder (ADHD) (Purcell et al. 2009 ; Cross-Disorder Group of the Psychiatric Genomics Consortium et al. 2013). Moreover, GWA studies identified multiple copy number variants that are associated with schizophrenia, most of which were also associated with other neurodevelopmental disorders, such as mental retardation, epilepsy, autism and other disorders (Sebat et al. 2009 ).
In addition to findings from genetic studies, there are multiple environmental factors that are associated with schizophrenia, and the evidence suggests that at least some of them are likely causally associated to the disorder. Current aetiological models of psychosis therefore acknowledge the inherent aetiological heterogeneity of 'schizophrenia' and have postulated that the biological basis that psychotic disorders may have in common is (presynaptic) dopamine dysregulation, giving rise to perceptual abnormalities and delusion formation, that is dopamine dysregulation is the 'final common pathway to psychosis' (Howes & Kapur, 2009 ).
The unique disease principle and its application in other branches of medicine Aetiological heterogeneity is not specific to psychotic disorders, or psychiatric disorders in general. In fact, it is likely the norm rather than the exception in complex diseases. Indeed, human complex diseases typically result from a complex interplay between the personal genome and highly individual exposures to the environment, leading to unique alterations in the epigenome, transcriptome, proteome and metabolome (Ogino et al. 2011) . In psychiatric disorders, these factors tap onto inherent temperaments, leading to individual personality profiles that interact with environments, feelings and emotions to produce a set of symptoms that surely must be unique, and nominally distinct from what is considered to be the same disease process in other individuals. This concept is called the 'unique disease principle' (Ogino et al. 2013 ) and poses considerable challenges to traditional epidemiological research, as traditional epidemiology assumes that we can predict disease occurrence and evolution by studying groups of individuals suffering from a disorder with the same name.
In the field of oncology, where similar challenges in terms of disease heterogeneity apply, researchers have coined 'molecular pathological epidemiology' (MPE) as a means of dealing with heterogeneity (Ogino et al. 2011 (Ogino et al. , 2013 . In MPE, a known or suspected aetiological factor is examined in relation to specific molecular alterations (as evident in the examinations of tissues by a pathologist, hence 'pathology'), in order to gain insight in the pathophysiology of tumour genesis (Ogino et al. 2011 (Ogino et al. , 2013 . In other words, stratification according to involved aetiological factors and studying them in relation to specific relevant alterations, in order to identify clinically meaningful subtypes. This approach tries to find a middle ground between the 'one disease principle' and the 'unique disease principle', by asserting that it is possible, to some extent, to predict the onset, persistence and progression of specific disease subtypes that were exposed to a similar aetiological factor.
The advantages of such a stratified approach are obvious: if relationships between aetiological factors and specific disease characteristics or subtypes can be uncovered, this supports the causality of the relationship as well as the assumption of aetiological heterogeneity. Moreover, this approach allows us to target specific subgroups in terms of personalised prevention, treatment and lifestyle interventions.
Aetiological stratification in psychiatry
The application of aetiological stratification in psychiatry is not new. A field of enquiry that uses aetiological stratification is, for example, represented by researchers studying 22q11.2 deletion syndrome. It is well-established that this particular deletion increases risk for schizophrenia (approximately 25% of 22q11.2 deletion carriers will develop schizophrenia). Research in this subgroup has yielded evidence for specificity: for example, evidence suggests that the auditory hallucinations that are present in this syndrome may be the result of disrupted synaptic transmission between the thalamus and the auditory cortex, mediated in part via a gene disrupted by the deletion -Dgcr8-, whereas there is no compelling evidence that a similar mechanism is involved in other patients with schizophrenia (Chun et al. 2014) .
Work from my group, using an environmental stratification approach, has provided robust and replicated evidence that exposure to childhood trauma is associated with a specific admixture of affective, anxious and psychotic symptoms (van Nierop et al. 2014b ). This admixture was present in patients with a mood disorder (depression and bipolar disorder), in patients with an anxiety disorder, as well as in patients with schizophrenia. Moreover, the same admixture was also shown at the subclinical level in a representative general population sample (van Nierop et al. 2014b) . We also examined functional correlates in these patient samples and reported that patients with childhood trauma-related admixture of symptoms were characterised by significantly worse functioning than nontraumatised patients, or traumatised patients without symptom admixture, in terms of working situation, relationships, living situation, symptom severity, substance abuse co-morbidity, social engagement and interaction, and quality of life. Functioning was especially poor in patients with schizophrenia with childhood-related symptom admixture (van Nierop et al. 2014a) . Together, these data suggest that childhood trauma is an important aetiological factor in the developmental trajectory towards different psychiatric disorders, characterised at the phenotypic level by an admixture of affective, anxiety and psychotic symptoms.
Implications for G × E research
So, how is all this relevant to G × E research? The application of genome-wide methods has shown the productiveness of this approach for gene-finding efforts in all areas of medicine. Given that GWA studies do not require comprehensive assessment of phenotypic and environmental characteristics, provide more statistical power than G × E approaches and are statistically less challenging, it seems fair to assume that GWA studies are best suited for gene-finding of psychiatric disorders. It is however important to realise that GWA studies have typically found many single nucleotide polymorphism (SNPs) with small individual effects; that is, they probably identify SNPs with small effects on intermediate phenotypes that are relevant to all (or most) patients with a given disorder, or identify SNPs that have larger effects in subgroups but smaller to absent effects in other subgroups. This conclusion follows logically from the fact that GWA studies, because of their design, do not take into account aetiological heterogeneity. This is not necessarily problematic as long as GWA studies are complemented by other approaches that deal with the inherent aetiological heterogeneity and lack of biological validity. This is where G × E designs can prove to be useful: in identifying genetic/biological mechanisms operating in subgroups of patients stratified according to the involved aetiological factors, that is by studying how genetic markers influence the effects of identified environmental agents within and/or across diagnostic categories. These interactions may be modelled along the entire developmental pathway, as well as on the course and outcome within given subgroups. Work in the field of post-traumatic stress disorder (PTSD) has shown the productiveness of such an approach. By stratifiying PTSD patients, researchers have been able to show distinct genome-wide epigenetic profiles in subgroups with and without exposure to childhood trauma , as well as site-specific methylation changes in the FKBP5 gene . They also were able to show that differences in the vulnerability to develop these methylation changes were dependent on certain SNPs within the FKBP5 gene . Importantly, a framework of 'aetiological stratification' also provides guidance on some of the most important considerations in G × E research: which exposures to select, which phenotypes to target, how to model the 'G' component into G × E hypotheses and how to reduce the risk for spurious findings.
Which exposures and phenotypes to target
Many environmental factors are associated with psychiatric disorders, and many more may be plausibly linked to 'intermediary' phenotypes that are relevant for psychiatric disorders. Not all of these exposures, however, may be ideally suited for G × E research. In order to reduce the risk of excessive multiple testing, priority should be given to environmental factors robustly associated with one or multiple psychiatric disorders, preferably confirmed by meta-analyses. Second, reported effect sizes should be large enough to allow for meaningful stratification. Third, there should ideally be sufficient proximity to an underlying biological mechanism. For example, the mechanism via which growing up in an urban environment acts upon the biology to increase psychosis risk is completely unknown and may involve pollution, social anonymity, lack of green space, stress or a combination of these and/or other factors, making it a less ideally suitable exposure for G × E studies.
With regard to the phenotypes to target, careful examination of the epidemiological patterns that are evident for different putative aetiological factors should guide the choice of the best possible approach. For example in the case of cannabis, evidence suggests that exposure is specifically associated with psychosis, or at least considerably more strongly and convincingly than, for example, affective disorders (Moore et al. 2007) . In this case, restricting the analyses to psychosis, or neurobiological mechanisms underlying psychosis such as pre-synaptic dopamine hyper-reactivity, would therefore probably be the most appropriate choice. In contrast, exposure to childhood trauma is associated with a range of different disorders. In this instance, I would argue that careful examination of the epidemiological patterns across and within diagnostic categories is necessary to identify the most appropriate approach to phenotype selection. This means that, in contrast to what is current practice, not diagnostic categories should be leading in framing G × E hypotheses ('does exposure × interact with gene Y to increase risk for disorder Z?'). Rather, in the framework of aetiological stratification, these questions should be preceded by:
(1) examining the epidemiological pattern that is evident in terms of associations across multiple potentially relevant disorders ('associated with one or multiple disorders?'); (2) looking for evidence for possible specificity in terms of phenotypic presentation or molecular markers across these categories ('is there evidence for phenotypic or molecular specificity in subgroups exposed to the aetiological factor?'); (3) efforts to identify biological mechanisms within groups with both exposure to the environmental factor and identified specific phenotypic or molecular characteristics ('is there a biological substrate linking the environmental exposure to the specific phenotypic or molecular characteristics?').
The finding of a childhood trauma-related admixture phenotype, as described above (van Nierop et al. 2014b) , is an example of such an approach, although further fine-mapping of the phenotypic characteristics as well as the underlying biology is necessary. In any case, once these questions have been examined, G × E hypotheses follow logically, that is (1) which genes influence the degree to which individuals develop the identified biological alterations that link exposure to the aetiological factor and the psychiatric disorder(s)? and (2) which genes are implicated in determining the development of specific symptoms and/or psychiatric diagnosis once a biological alteration (e.g. hypothalamic-pituitary-adrenal (HPA)-axis dysregulation) has been brought about?
How to model the 'G' component and manage the risk for spurious findings
Researchers in genetics have learned that, in order to reduce the risk for spurious findings, hypotheses should be tested in a systematic manner, with attention to stringent control for multiple testing and a focus on efforts at (exact) replication. There are no reasons to believe that these recommendations do not apply for the G × E field. It is, however, important to realise that the challenges in the field of G × E are greater, given the large number of possible interactions between different environmental factors and the genome, and the fact that available sample sizes are likely to be smaller in G × E studies given the need for extensive phenotyping.
In the conceptual framework of aetiological stratification; however, gene-finding is not a goal in itself. Rather, the goal is to identify subgroups of patients characterised by similar aetiological mechanisms, phenotypic characteristics and functional outcome, who may benefit from treatments informed by the underlying aetiology. In this framework, GWA studies may serve as a useful resource that can be used to derive informed decisions for the appropriate choice of genetic markers. These may include individual markers for which a strong rational is available (e.g. genome-wide significant association with a disorder or underlying trait), polygenic risk scores, based on large GWA studies of disorders (e.g. schizophrenia) or underlying traits (e.g. neuroticism) but may also involve biological pathways known to be implicated in the biological effects of the environmental factor under examination. That is, while GWA studies may be a useful resource for gene selection, they should not be considered the only source.
In general, it should be considered that GWA studies have shown that many SNPs with individually small effects are likely to be implicated in psychiatric disorders (typically individual SNPs have odds ratios (ORs) under 1.20) (Sullivan et al. 2012) . Given that most environmental exposures relevant to psychiatric disorders are quite prevalent in the population, there are either large and systematic advantages to carrying 'risk alleles' in the absence of exposure (i.e. they are 'plasticity' genes that promote adaptation to the environment in advantageous conditions but increase risk for maladaptation to non-advantageous conditions), or a recalibration of anticipated effect sizes of individual SNPs in G × E research towards more moderate effects (e.g. ORs of about 2 rather than ORs of 10) may be needed. Given that the prevalence of exposure to different environmental factors varies considerably from sample to sample in GWA studies, but reported ORs do not, the latter possibility seems most likely.
This has important implications for G × E research. As the goal of G × E research is not gene hunting but is situated in the identification of biological mechanisms in subgroups exposed to the same aetiological factor, the examination of genetic measures at the aggregate level, for example in biological pathways or polygenic risk scores, may be more informative than the examination of individual SNPs. This approach also reduces the problem of multiple testing and the associated risk of spurious findings.
Conclusion
In this editorial, I have tried to outline that G × E research is not an alternative method for GWA studies to find genes for psychiatric disorders, but a way to identify genetic and biological mechanisms within subgroups of patients exposed to a similar aetiological factor. This is important as current diagnostic categories are inherently heterogeneous and lack biological validity. The study of subgroups of patients stratified for exposure to important (environmental) aetiological factors, within and across diagnostic categories, may help to resolve this problem. Careful examination of epidemiological patterns associated with relevant exposures, combined with efforts to identify specific phenotypic or molecular characteristics in exposed subgroups, can be helpful in making the appropriate decisions about the selection of genetic measures and phenotypes to examine. This framework resonates with calls for the application of 'stratified medicine' approaches in psychiatry, opening the possibility for the application of personalised medicine approaches in the area of mental health.
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